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Loss-of-function mutations in thyroid hormone transporter
monocarboxylate transporter 8 (MCT8) lead to severe
X-linked psychomotor retardation and elevated serum Tj lev-
els. Most patients, for example those with mutations V235M,
S448X, insI189, or delF230, cannot stand, walk, or speak. Pa-
tients with mutations L434W, L568P, and S194F, however,
walk independently and/or develop some dysarthric speech.
To study the relationship between mutation and phenotype,
we transfected JEG3 and COS1 cells with wild-type or mutant
MCTS. Expression and function of the transporter were stud-
ied by analyzing T; and T, uptake, T3 metabolism (by cotrans-
fected type 3 deiodinase), Western blotting, affinity labeling
with N-bromoacetyl-T3, immunocytochemistry, and quantita-
tive RT-PCR. Wild-type MCTS8 increased T; uptake and me-
tabolism about 5-fold compared with empty vector controls.
Mutants V235M, S448X, insI189, and delF230 did not signifi-

cantly increase transport. However, S194F, L568P, and 1L.434W
showed about 20, 23, and 37% of wild-type activity. RT-PCR did
not show significant differences in mRNA expression between
wild-type and mutant MCT8. Immunocytochemistry detected
the nonfunctional mutants V235M, insI189, and delF230
mostly in the cytoplasm, whereas mutants with residual func-
tion were expressed at the plasma membrane. Mutants S194F
and L434W showed high protein expression but low affinity
for N-bromoacetyl-T5; L568P was detected in low amounts but
showed relatively high affinity. Mutations in MCT8 cause loss
of function through reduced protein expression, impaired
trafficking to the plasma membrane, or reduced substrate
affinity. Mutants 1L.434W, L568P, and S194F showed significant
residual transport capacity, which may underlie the more
advanced psychomotor development observed in patients
with these mutations. (Endocrinology 149: 2184-2190, 2008)

UTATIONS IN THE MCTS8 gene (SLC16A2) impres-
sively illustrate the detrimental effects that muta-
tions in X-linked genes can have on psychomotor develop-
ment. Monocarboxylate transporter 8 (MCTS) is a potent
thyroid hormone transporter (1, 2), which is expressed in
cells of various tissues, including neurons in the central ner-
vous system (CNS). Loss-of-function mutations in MCTS are
associated with severe psychomotor retardation and ele-
vated serum T; levels in males (3-12). This indicates that
MCTS8 plays an essential role in the development of the CNS,
most likely by facilitating the supply of thyroid hormone to
the neurons.

Reduced thyroid hormone action in the developing brain
has long been recognized as an important cause of devel-
opmental disorders. Fetal and neonatal hypothyroidism, due
to dysgenesis of the thyroid gland or impaired synthesis of
thyroid hormone (13, 14) or iodine deficiency (15), severely
inhibits neurological development (16). Its most severe clin-
ical presentation is referred to as cretinism, a syndrome com-
prised of growth retardation, impaired cognitive function,
spastic diplegia, and deafness (17). However, recently, even
mild fetal hypothyroidism due to marginally impaired ma-
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ternal thyroid function in pregnancy has been associated
with adverse neurological outcome (18, 19).

Thyroid hormone has to cross numerous membranes be-
fore it reaches the nuclear T; receptor in the neurons, the
primary target for thyroid hormone action in the brain. It has
become increasingly clear that uptake of thyroid hormone
requires transporter proteins and that simple diffusion
through membranes is unlikely if not impossible (20-23).
Because T; is produced locally in the brain, T, has to be
transported over the blood-brain barrier, a process that may
include thyroid hormone transporter OATP1C1 (24). T, is
then converted to T; by type 2 deiodinase (D2) in astrocytes,
and transferred to the neurons. As yet it is not known which
transporters are involved in the uptake of T, and the release
of T; from astrocytes. Neurons express MCT8 (25), which is
likely to facilitate the uptake of the locally produced Ts.
Neurons also express type 3 deiodinase (D3); they are con-
sidered the main site of thyroid hormone inactivation in the
brain (26).

Mutations in MCT8 have been reported in over 25 families
around the world (3-12, 27). Affected males show severe
psychomotor retardation, hallmarked by hypotonia of the
axial muscles, spastic or dystonic quadriplegia, and severe
cognitive impairment. Development of speech is usually ab-
sent, and the majority of patients are not able to sit, stand, or
walk without support. Other symptoms include athetoid
movement of hands and arms, paroxysmal dyskinesia, mus-
cle hypoplasia, seizures, nystagmus, and secondary micro-
cephaly. The first identification of this MCT8-related neuro-
logical phenotype was published in 1944 (28). Named after
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the authors, the syndrome is known as Allan-Herndon-Dud-
ley syndrome (OMIM 300523).

In patients with mutations in MCTS, serum thyroid hor-
mone profiles are abnormal. Total and free T, levels range
between low-normal and clearly decreased, whereas T; lev-
els are strongly increased, and rTj; is decreased. TSH is usu-
ally higher than in controls but mostly falls within the normal
range (27). The elevated serum Tj; level, especially in com-
bination with decreased serum T,, appears to be a specific
biochemical marker for mutations in MCTS.

Although psychomotor impairment is severe in all MCT8
patients, some significant differences in development are
observed between families. Most notably, the majority of
patients with the L568P and L434W mutations reported by
Schwartz et al. (6) are able to walk without support, although
the gait is ataxic. They also develop limited and dysarthric
speech. Elementary speech development is also observed in
patients with mutation S194F (6). Independent walking or
development of speech was not observed in any of the pa-
tients reported by Friesema et al. (3), Dumitrescu et al. (4),
Maranduba et al. (7), Holden ef al. (9), Kakinuma et al. (10),
Herzovich et al. (11), and Jansen et al. (12).

It was recently demonstrated that mutations in MCT8
result in reduced uptake and subsequent metabolism of Ty
and T, in vitro (12). The aim of the present study was to
determine whether differences in psychomotor development
observed between families correlate with functional charac-
teristics of these mutants in vitro. Possible residual activity of
the mutant transporter might underlie the apparent geno-
type-phenotype relation observed in patients with mutations
in MCTS.

Materials and Methods
Plasmids and transfections

The cloning of wild-type human MCT8 (hMCTS$) in the expression
vector pcDNA3 (pcDNA3-hMCTS8) was described previously (2). Point
mutations identified in patients (6, 9) (Table 1) were introduced in this
plasmid using the QuikChange Site-Directed Mutagenesis protocol
(Stratagene, Amsterdam, The Netherlands) to produce mutant proteins
V235M, L434W, 5448X, L568P, S194F, insI189, and delF230. Mutagenesis
primers were ordered from Invitrogen (Breda, The Netherlands) without
additional purification. Introduction of the mutation was confirmed by
sequencing. Construction of pCIneo-hD3 and pcDNA3-rD1 (rat type 1
deiodinase) were described previously (2). A full-length image clone of
human p-crystallin (hCRYM) was obtained from RZPD GmbH (Berlin,
Germany) and subcloned into pSG5 (Stratagene) using restriction sites
EcoR1 and BamH1. All transfections were performed using 3 ul Fu-
Gene-6 transfection reagent (Roche Applied Science, Almere, The Neth-
erlands) per 1000 ng plasmid DNA according to the manufacturer’s
protocol. Transfection of empty pcDNA3 vector was used as control in
all experiments. Possible differences in transfection efficiency between
MCT8 mutants were studied in lysates of MCT8 and hD3 cotransfected

TABLE 1. Mutations and clinical phenotype of MCT8 patients
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JEG3 cells using D3 activity as control as described previously (12). No
significant differences between mutants were observed (data not
shown). Uptake and metabolism data are presented as mean = st of four
experiments without further corrections.

Iodothyronines

Nonradioactive iodothyronines were obtained from Henning (Berlin,
Germany) or Sigma Chemical Co. (St. Louis, MO). [3'-2°I]T; and [3',5'-
12]]T, were obtained from GE Healthcare (Little Chalfont, Bucking-
hamshire, UK). Radioactive N-bromoacetyl-T; (BrAc['*I|T;) was syn-
thesized as described previously (29).

Cell culture

COS1 and JEG3 cells were cultured in six-, 12-, or 24-well dishes
(Corning, Schiphol, The Netherlands) with DMEM/F12 medium (In-
vitrogen), containing 9% heat-inactivated fetal bovine serum (Invitro-
gen) and 100 nm sodium selenite (Sigma-Aldrich).

Todothyronine transport experiments

COS1 and JEG3 cells were cultured in six-well culture dishes and
transfected in duplicate with 500 ng wild-type or mutant pcDNA3-
hMCT8 and 500 ng pSG5-hCRYM. hCRYM is a cytosolic thyroid hor-
mone-binding protein. Addition of hCRYM reduces the efflux of Tj,
greatly increasing the net cellular T; uptake. After 24 h (COS1) or 48 h
(JEG3), cells were washed with assay buffer (Dulbecco’s PBS with Ca*"/
Mg?*, 0.1% BSA, 0.1% glucose) and incubated for 30 min at 37 C with
1 nm (2 X 10° cpm) *I-labeled T or T, in 1.5 ml assay buffer. After
incubation, cells were washed with assay buffer, lysed with 0.1 M NaOH,
and counted.

Iodothyronine metabolism experiments

JEG3 cells were cultured in 24-well culture dishes (2 cm?) and trans-
fected in duplicate with 100 ng pCIneo-hD3 and 100 ng wild-type or
mutant pcDNA3-hMCTS8. Two days after transfection, cells were
washed with DMEM/F12 plus 0.1% BSA and incubated for 4 or 24 h at
37 C with 1 nm (1 X 10° cpm) [*#1]T;, or [**°1]T,, respectively, in 0.5 ml
DMEM/F12 plus 0.1% BSA. After incubation, the medium was analyzed
by HPLC as described previously (2).

Western blotting

Polyclonal antisera were raised in rabbits by Eurogentec SA (Seraing,
Belgium) against the keyhole limpet hemocyanin conjugate of the syn-
thetic peptide (C)ELLPGSPNPEEPI (hMCT8 C-terminal amino acid res-
idues 527-539). Antiserum (designated 1306) from the final bleed was
IgG purified.

JEG3 cells cultured in six-well plates were transfected with 500 ng
wild-type or mutant pcDNA3-hMCTS. After 48 h incubation, the cells
were rinsed with PBS, collected in 0.1 m phosphate/2 mm EDTA buffer
(pH7.2), and sonicated on ice. Thirty microliters of homogenate (diluted
to 1 pg protein per ul) were mixed with 10 ul 4X loading buffer con-
taining 10 mm dithiothreitol, and denatured at 80 C for 5 min. Samples
were separated on 10% SDS-PAGE mini gels, blotted to nitrocellulose
membranes, and probed with antiserum 1306 (1:1000) as described pre-
viously (30).

Protein Mutation No. of patients Independent walking Speech Ref.
1 V235M 703G—A 5 - - 6
2 L434W 1301T—G 9 Ataxia, awkward gait Dysarthric, limited 6
3 S448X 1343C—A 4 - - 6
4 L568P 1703T—C 28 Ataxia, awkward gait Dysarthric, limited 6
5 S194F 581C—T 10 - Dysarthric, limited 6
6 insI189 565insATC 1 - - 9
7 delF230 683delTCT 6 - - 6

—, Absent.
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Affinity labeling of MCT8 with BrAcT,

COS1 cells in six-well plates were cotransfected with 1000 ng empty
pcDNAS3, wild-type or mutant pcDNA3-hMCT8, and 1000 ng pcDNA3-
rD1. After 24 h, the cells were washed with serum-free DMEM /F12,
incubated 4 h at 37 C with 5 X 10° cpm BrAc['*I]T, and processed as
described previously (2). The 75-ug protein samples were analyzed by
SDS-PAGE; gels were blotted, and radioactivity on the blots was visu-
alized by phosphor imaging (Typhoon; Amersham Biosciences,
Roosendaal, The Netherlands). For statistical analyses, signals of four
gels were quantified using ImageQuest software (Amersham).

Immunocytochemistry

JEG3 cells were cultured on 15-mm glass coverslips coated with
poly-p-lysine (Sigma) and transfected with 50-100 ng wild-type or mu-
tant pcDNA3-hMCTS. After 48 h, cells were fixed with 4% paraformal-
dehyde in PBS and permeabilized with 0.2% Triton X-100 in PBS. Sam-
ples were blocked for 30 min in PBS containing 2% BSA and stained with
rabbit anti-hMCT8 antibody 1306 (1:1000) and monoclonal mouse anti-
zona occludens protein 1 (ZO-1; tight junction protein 1) antibody (In-
vitrogen, 1:250). After secondary staining with goat antirabbit Alexa
Fluor 488 and goat antimouse Alexa Fluor 633 (Invitrogen), coverslips
were mounted with Prolong Gold containing 4',6-diamidino-2-phe-
nylindole (DAPI) (Invitrogen). Samples were examined on a Zeiss Ax-
iovert 100 confocal microscope using Zeiss LSM software (Carl Zeiss BV,
Sliedrecht, The Netherlands).

mRNA expression in transfected cells

JEG3 cells were cultured in six-well plates and transfected with 500
ng wild-type or mutant pcDNA3-hMCTS8. After 48 h, cells were
trypsinized, counted, and suspended at 5 X 10°/ml. RNA was isolated
using the High Pure RNA isolation kit (Roche); cDNA was generated by
RT of 500 ng RNA using the TagMan RT reagents kit (Applied Biosys-
tems, Nieuwekerk a/d IJssel, The Netherlands). Quantitative PCR was
performed on the ABI Prism 7700 sequence detection system (Applied
Biosystems) using 2 ul cDNA, 12.5 ul TagMan PCR MasterMix (Applied
Biosystems), and a hMCT8-specific primer-probe mix containing for-
ward primer 5'-CCATAACTCTGTCGGGATCCTC-3' located in exon 1,
reverse primer 5'-ACTCACAATGGGAGAACAGAAGAAG-3' located
in exon 2, and probe 5-FAM-ATACCCATCGGAGGGCTCCGA-
TAMRA-3’ located just upstream of the reverse primer. MCT8 mRNA
levels were expressed relative to GAPDH mRNA levels, which were
obtained using predeveloped human GAPDH TaqMan assay reagents
(Applied Biosystems).

Statistical analyses

Comparisons between means were performed using Student’s ¢ tests
in the Statistical Package for the Social Sciences (SPSS, Chicago, IL)
version 12.

Results

Uptake of iodothyronines in MCT8 and CRYM
cotransfected cells

Figure 1A shows the uptake of T3 by JEG3 cells cotrans-
fected with wild-type or mutant pcDNA3-hMCT8 and pSG5-
hCRYM after 30 min. Control cells were cotransfected with
empty pcDNA3 and pSG5-hCRYM. T; uptake by control
cells was 4.5% after 30 min. Transfection with wild-type
hMCTS increased T; uptake 5.6-fold (P < 0.001). T; uptake
in cells transfected with the hMCT8 mutants V235M, S448X,
insI189 and delF230 did not significantly differ from control.
T; uptake was increased 2.6-fold (P < 0.03) by mutant
L434W, 1.8-fold (P = 0.08, NS) by mutant L568P and 1.6-fold
(P =0.12,NS) by mutant S194F. Similar results were obtained
for T, uptake in transfected JEG3 cells as well as for T; and
T, uptake in transfected COS1 cells (data not shown).
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Fic. 1. A, Uptake of T35 by JEG3 cells cotransfected with wild-type
(WT) or mutant hMCT8 ¢cDNA and pSG5-hCRYM, shown as percent-
age of added Tj after 30 min. Empty pcDNA3 plus pSG5-hCRYM
served as control. B, Metabolism of T; after 4 h in JEG3 cells co-
transfected with wild-type or mutant hMCT8 and hD3-pCIneo, shown
as percentage of T, and T, in the medium. Empty pcDNA3 plus
hD3-pClneo served as control. Uptake and metabolism data are pre-
sented as mean * SE of four experiments. *, P < 0.05 vs. control.

Metabolism of iodothyronines in MCT8 and D3
cotransfected cells

Figure 1B shows the metabolism of Tj in transfected JEG3
cells. Control cells transfected with hD3 ¢cDNA plus vector
without hMCT8 metabolized 13% of T after 4 h. Cotrans-
fection of cells with hD3 and wild-type hMCT8 ¢cDNA in-
creased T; metabolism 4.6-fold to about 60% in 4 h. T; me-
tabolism in cells cotransfected with hD3 and hMCT8 mutants
V235M, 5448X, insI189, and delF230 did not significantly
differ from control. T; metabolism was increased 2.6-fold
(P < 0.01) by the L434W mutant, 2.2-fold (P < 0.01) by the
L568P mutant, and 2.1-fold (P < 0.01) by the S194F mutant.
Similar results were obtained after 24 h incubation of JEG3
cells with T, (data not shown).

Western blotting

Immunoblotting of lysates from JEG3 cells transfected
with wild-type or mutant hMCT8 is shown in Fig. 2A. All
lanes were loaded with 30 ug protein. As reported before (2),
no band of the expected size of hMCT8 (~60 kDa) could be
detected in JEG3 transfected with control plasmid. Trans-
fection with wild-type hMCTS8 results in a clear band of the
expected size but also a higher band of about 240 kDa. After
transfection with the V235M, L568P, insI189, and delF230
mutants, (much) weaker bands of the same sizes were de-
tected, indicating that the expression of the mutant proteins
is impaired but not absent. Mutants L434W and S194F are
expressed at similar or somewhat higher levels than the
wild-type protein. The truncated protein encoded by pre-
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Fic. 2. A, Immunoblot of JEG3 cells transfected with wild-type (WT)
or mutant hMCT8. All lanes were loaded with 30 ug protein. Trans-
fection with wild-type hMCTS results in a band of the expected size
(60 kDa) but also a higher band of about 240 kDa. Mutants 1L.434W
and S194F are expressed at similar or somewhat higher levels than
the wild-type protein. V235M is intermediately expressed; faint bands
are observed for L568P, insI189, and delF230. The truncated protein
encoded by premature stop mutant S448X is not detectable with the
antibody used. B, BrAc['??I| T, affinity labeling of COS1 cells cotrans-
fected with hMCT8 and D1. Transfection of wild-type hMCT8 and
mutant L568P increase the labeling of the specific approximately
60-kDa band by 3.5- and 2.7-fold, respectively, vs. cells transfected
with empty pcDNA3 (P < 0.05). Labeling of D1 (~30 kDa) is increased
3.5-fold in cells transfected with wild-type MCT8 and 1.9-fold in
L568P-transfected cells and reduced (50-70%) in cells transfected
with V235M, L434W, S448X, and delF230 (all P < 0.05).

mature stop mutant S448X cannot be detected because of the
loss of the epitope.

BrAc[*?°1IT, affinity labeling

BrAc['*I|T, is a specific affinity label for MCT8, which also
transports the label, and for D1 (2). Figure 2B shows the
autoradiograph of labeled proteins from COS1 cells cotrans-
fected with pcDNA3, wild-type or mutant pcDNA3-hMCTS,
and pcDNA3-rD1 after incubation for 4 h at 37 C with
BrAc['*I]|T;. Incubation of cells transfected with pcDNA3
and rD1 resulted in labeling of a protein of about 60 kDa,
consistent with the size of MCTS, and of a protein of about
30 kDa, the size of D1. Two unknown proteins of about 50
and about 37 kDa are also labeled. Transfection with wild-
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type hMCTS8 increases the intensity of the MCT8 and D1
bands 3.5-fold (P < 0.03). Transfection with mutant hMCT8
plasmids does not significantly increase the intensity of the
MCT8 band compared with the control, except for mutant
L568P. D1 labeling is at control level in cells transfected with
S194F and insI189 and significantly reduced in cells trans-
fected with V235M, L434W, S448X, and delF230 (P < 0.01).
Mutant L568P shows a 2.7-fold increase of the MCTS signal
and a 1.9-fold increase of the D1 signal (P < 0.01), indicating
a relatively high affinity for and transport of BrAcTs.

Immunocytochemistry

After fixation and permeabilization, wild-type or mutant
hMCTS8 transfected JEG3 cells were stained with hMCT8-
specific antibody 1306. ZO-1 antibody was used as plasma
membrane marker. For detection, hMCT8 antibody was
stained with Alexa Fluor 488 (green) and ZO-1 antibody with
Alexa Fluor 633 (red). Cells were mounted using Prolong
Gold antifade reagents containing the DNA marker DAPI
(blue). Figure 3 shows representative cells for all conditions.
In cells transfected with control vector, no specific h(MCT8
staining could be observed. In cells transfected with wild-
type or mutant MCT8 ¢cDNA, perinuclear MCT8 staining is
detected, suggesting protein in the endoplasmic reticulum or
Golgi apparatus. Wild-type hMCT8 also colocalizes clearly
with the tight-junction marker ZO-1, indicating expression at
the plasma membrane of transfected JEG3 cells. For hMCT8
mutants V235M, insI189, and delF230, expression of the pro-
tein appears to be predominantly cytoplasmic, whereas mu-
tant 5448X is not detected by our MCTS8 antibody. Mutants
L568P, L434W, and S194F, which are reported here to have
residual transport capacity for T; and T,, are expressed at the
plasma membrane.

Quantitative PCR

To investigate possible effects of the mutations on hMCT8
mRNA stability, we performed quantitative RT-PCR on
mRNA isolated from JEG3 cells transfected with wild-type or
mutant hMCT8. hMCT8 mRNA expression was corrected for
the expression of the housekeeping gene GAPDH (Fig. 4). As
reported previously, JEG3 cells do not endogenously express
MCT8 mRNA (2). This is reflected in the absence of MCT8
signal in the cells transfected with control vector. No signif-
icant differences in mRNA expression were observed be-
tween wild-type MCT8 and the various mutants, indicating
that loss of function of the mutants investigated here is not
associated with reduced mRNA stability. Mutant delF230
mRNA could not be detected with the primer combination
used for this RT-PCR, because the reverse primer contains
the three deleted nucleotides.

Discussion

The first publication on MCT8 (SLC16A2) by Lafreniere et
al. in 1994 (31) noted that the gene is located in a region
associated with X-linked diseases. The function of MCTS,
however, remained elusive until it was demonstrated that it
codes for an active and specific thyroid hormone transporter
(1). The important physiological role of MCTS in the devel-
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Fic. 3. Immunocytochemistry of trans-
fected JEG3 cells. hMCT8-specific an-
tibody 1306 is stained green, plasma
membrane marker ZO-1 is stained red,
and nuclear DNA is stained with DAPI
(blue). Wild-type (WT) hMCT8 and mu-
tants L568P, L.434W, and S194F colo-
calize with the plasma membrane
marker. Expression of mutants V235M,
insI189, and delF230 is mostly limited
to the cytoplasm.

L434W

opment of the CNS became apparent with the identification
of patients with mutations in MCTS. These patients, all boys,
exhibited elevated serum Tj; levels and severe psychomotor
retardation, confirming that mutations in MCT8 indeed were
a cause of X-linked psychomotor retardation (3, 4). In all
initially reported patients, motor impairment is such that
they are unable to hold up their head and cannot sit, crawl,
stand, or walk. None of these patients developed any speech
beyond making some sounds.

With the identification of MCT8 mutations in patients
diagnosed with the Allan-Herndon-Dudley syndrome (6), it
has become clear that mutations are associated with a con-
siderable variety in phenotypical manifestations. Most strik-
ing is the ability of most patients with mutations L568P, the
original family described by Allan, Herndon, and Dudley,
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Fia. 4. Quantitative RT-PCR of wild-type (WT) or mutant hMCT8
transfected JEG3 cells. No hMCT8 mRNA is detected in empty vector-
transfected controls. No significant differences in expression between
wild-type hMCT8 and the various mutants are observed. DelF230
mRNA could not be detected with the primers used in this assay.
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S194F

and L434W to walk independently, with an ataxic, awkward
gait. Development of walking is delayed, usually after 2 or
3 yr of age, and may be lost later in life. Patients with these
mutations usually also show some elementary development
of speech, although it is described as largely unintelligible
(L568P) (28, 32), and dysarthric and difficult to understand
(L434W) (33). Patients with the L568P mutation are reported
to be able to obey simple commands (28). In one other family,
with the mutation S194F, most patients also develop some
speech, but this is limited to some words or phrases (6). None
of the patients in this family ever developed independent
walking.

The apparent correlation between genotype and pheno-
type raised the question whether mutant proteins differ in
functional characteristics regarding the uptake of T; and/or
T,. We recently demonstrated for several MCT8 mutations
that transport of T; and T, is completely absent in vitro (12).
One mutant protein, R271H, showed significant residual
transport capacity of 10-20% of wild-type MCT8. The patient
with this mutation, however, does not walk or talk or show
any other signs indicating more advanced psychomotor
development.

In the present study, we demonstrate that mutant proteins
L568P, L434W, and S194F significantly increase uptake and
subsequent metabolism of T; and T, compared with empty
vector transfected controls, whereas for mutants V235M,
5448X, insI189, and delF230, no significant difference was
observed. Residual functionality of the mutants, most clearly
demonstrated in the metabolism assays, ranged from 18-
27% of wild-type activity for L568P, 35-40% for L434W, and
15-25% for S194F (Table 2).

Mutations in MCT8 could lead to a loss of function via
several mechanisms, including reduced expression at the

20z udy 2 uo 1senb Aq 8685 HZ/81Z/S/6Y L /SI0IME/OPUS/LI0D"dNO"0ILISPEDE)/:SARY W) PAPEOUMOQ



Jansen et al. ® Genotype and Phenotype in MCT8 Mutants

Endocrinology, May 2008, 149(5):2184-2190 2189

TABLE 2. Functional characteristics, protein expression, and affinity of WT and mutant MCT8

Protein ’(1:7:; g?%?,l,}g T (37260? 3{7)}1})5 m W(le)slgirn BrAlc;;ﬁ flf;mty Cellular localization Ref.
WT MCTS8 100% 100% +++ +++ Plasma membrane 1
V235M NS NS ++ - Mostly cytoplasm 6
L434W 40% 35% +++ - Plasma membrane 6
S448X NS NS ND - ND 6
L568P 18% 28% + ++ Plasma membrane 6
S194F 15% 25% +4++ - Plasma membrane 6
insI189 NS NS - - Limited expression, mostly cytoplasm 9
delF230 NS NS - - Limited expression, mostly cytoplasm 6
A224V NS NS +4++ - Mostly cytoplasm 3,12
1471P NS NS + - Limited expression, mostly cytoplasm 3, 12
R245X NS NS ND - ND 3, 12
R271H 18% 20% +4++ - Plasma membrane 12
del267-360 NS NS - - Limited expression, mostly cytoplasm 12

ND, Not detectable due to lack of epitope; NS, not significant compared with control; WT, wild type. For the Western blot data: —, no expression
detected; +, low protein expression; + +, intermediate expression; and + + +, high expression. For the BrAcT3 affinity labeling: —, no significant
difference compared with cells transfected with empty pcDNA3; ++, intermediate increase of labeling compared with cells transfected with
empty pcDNA3; and +++, high increase of labeling compared with cells transfected with empty pcDNAS3.

RNA or protein level, impaired trafficking to the plasma
membrane, and reduced affinity for thyroid hormone. As we
demonstrate in Fig. 4, quantitative RT-PCR did not show any
significant differences in mRNA expression between wild-
type and mutant MCT8. The expression of protein, demon-
strated by immunoblotting in Fig. 2A, however, shows clear
differences between the mutants. Mutant L434W and S194F
proteins are expressed at levels comparable to wild-type
MCTS, and V235M shows intermediate expression, whereas
mutant insI189, delP230, L568P, and S448X proteins are ex-
pressed at much reduced levels or are not detected. Because
mRNA expression does not differ between wild-type MCT8
and mutants, low expression of mutant proteins may result
from fast degradation. Affinity labeling of MCT8 protein
with BrAcT; (Fig. 2B) is readily observed in COSI cells trans-
fected with wild-type MCT8 or with mutant L568P but not
with other mutants. The significant residual affinity of L568P
suggests that this mutant protein is present in higher con-
centrations than are detected by immunoblotting. Immuno-
cytochemistry (Fig. 3) localizes wild-type MCT8 and mutants
L434W, L568P, and S194F at the plasma membrane, whereas
the mutants V235M, insI189, and delP230 are mostly located
in the cytoplasm.

From these results it becomes apparent that complete loss
of thyroid hormone transport function, as observed for mu-
tants V235M, insI189, and delF230, results from decreased
protein expression and/or impaired trafficking to the plasma
membrane. These mutations are located in highly conserved
loci in the first (insI189) and second (delF230 and V235M)
transmembrane domain (TMD) and are all likely to affect the
helical structures of these domains. For the protein encoded
by mutant S448X, expression and localization could not be
studied with our antibody. Complete loss of function is,
however, expected from the premature stop, truncating the
protein in TMD8.

Not surprisingly, all mutants showing significant residual
transport capacity are expressed at the plasma membrane,
the functional localization of MCT8. From immunoblotting,
it appears that the L434W and S194F mutants are expressed
at relatively high protein levels. Labeling with BrAcT;, how-
ever, did not show a marked increase of MCTS signal, sug-

gesting that the mutations lead to reduced substrate affinity.
This was also observed for mutant R271H (12) (Table 2). The
S194F mutation is located in the first extracellular loop, just
outside TMD1, whereas mutation L434W is predicted just
inside TMD8. R271H is located in the second extracellular
loop, between TMDs 3 and 4. Of all mutant proteins studied
so far, these three are the only ones showing preserved pro-
tein expression but reduced affinity. Although for some
members of the MCT family, specific domains have been
suggested to be involved in substrate recognition (for exam-
ple TMDs 8 and 10 in MCT1) (34), little is known about which
domains are involved in MCT8. From our findings, it appears
that mutations throughout a large part of the protein can
affect the affinity for (BrAc)T; without resulting in increased
breakdown of the protein. Whether the extracellular local-
ization of these mutations plays a role in this remains to be
elucidated.

Protein expression of mutant L568P, with about 25% re-
sidual functionality, appears very limited on immunoblot-
ting. Nonetheless, affinity labeling shows the highest inten-
sity of all mutants tested. The L568P mutation is located in
TMD12; possibly, substitution of Leu with the rigid helix-
breaking Pro residue influences protein expression, but has
little effect on the affinity for (BrAc)T;. However, L568P is the
mutation situated most closely to the epitope of antibody
1306, which might impair detection of the protein by
immunoblotting.

The observed phenotypical characteristics of patients with
mutations in MCT8 appear to be consistent in patients car-
rying the same mutation. Of 12 patients examined with mu-
tation L568P, 11 walked, as did seven of eight patients car-
rying the L434W mutation. All four individuals with S194F
that were examined developed some speech. It is important
to realize, however, that all patients carrying a certain mu-
tation come from one family. Although the residual transport
of thyroid hormone we report here possibly contributes to
the psychomotor development of these patients, other ge-
netic or environmental factors are likely to contribute to this
as well. Comparing patients with the same mutation from
different families would provide valuable insight in the ef-
fects of residual MCT8 function. Until now, only mutation
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delF230, which we report here to lack transport capacity, has
been reported in two unrelated families (6, 12). Patients with
this mutation have not been reported to walk independently
or develop speech. In general, only patients with mutations
showing significant residual transport capacity appear
to reach these milestones of advanced psychomotor
development.

In conclusion, significant residual uptake and subsequent
metabolism of Ty and T, was demonstrated for mutant MCT8
proteins L434W, L568P, and S194F in vitro. In vivo, these
mutations are associated with more advanced psychomotor
development than is observed in most MCTS8 patients, es-
pecially with regard to walking and, to a lesser extent, talk-
ing. The functional characteristics of mutant proteins we
describe here may underlie the genotype-phenotype relation
observed in patients with mutations in MCTS.
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